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National Laboratory, Upton, New YorkABSTRACT We have determined the crystal structure of a phosphorylated smooth-muscle myosin light chain domain (LCD).
This reconstituted LCD is of a sea scallop catch muscle myosin with its phosphorylatable regulatory light chain (RLC SmoA). In
the crystal structure, Arg16, an arginine residue that is present in this isoform but not in vertebrate smooth-muscle RLC, stabilizes
the phosphorylation site. This arginine interacts with the carbonyl group of the phosphorylation-site serine in the unphosphory-
lated LCD (determined previously), and with the phosphate group when the serine is phosphorylated. However, the overall
conformation of the LCD is essentially unchanged upon phosphorylation. This result provides additional evidence that phosphor-
ylation of the RLC is unlikely to act as an on-switch in regulation of scallop catch muscle myosin.INTRODUCTIONThe biochemical basis of muscle contraction is related to
the regulation of myosin. In all muscles, the release of
Ca2þ ions from sarcoplasmic reticulum vesicles promotes
the activation of myosin. In vertebrate striated muscles,
the binding of Ca2þ to a troponin-tropomyosin complex
on actin initiates contraction (1). In many other muscles,
activation is regulated by the myosin light chains. Regula-
tion of molluscan muscle myosins is controlled by direct
binding of Ca2þ to the essential light chain (ELC) (2).
Calcium binding to the ELC mediates the communication
between the ELC and the regulatory light chain (RLC),
such that regulation in molluscan myosin requires both light
chains (3). To investigate regulation in molluscan myosin,
our laboratory previously determined the crystal structures
of Ca2þ-bound and Ca2þ-free scallop striated muscle light
chain domains (LCDs) (4,5). The LCD (also referred as
the regulatory domain) is comprised of a portion of heavy
chain to which the ELC and RLC are bound (6). It appears
from these findings that interactions between the light
chains play a crucial role in initiating the off-state in scallop
striated muscle myosin (5). In vertebrate smooth muscle,
cytoplasmic Ca2þ-bound calmodulin activates myosin light
chain kinase (MLCK), which in turn binds to the N-terminal
extension of the RLC and phosphorylates the serine residue
in the signature RxxS sequence (7). Phosphorylation of
the RLC then switches on muscle contraction. Thus, regula-
tion of vertebrate smooth muscle depends critically on
the RLC.
Most molluscan myosin RLCs cannot be phosphorylated
by MLCK because lysine replaces the arginine of the signa-
ture RxxS sequence. However, certain molluscan smooth-Submitted July 27, 2011, and accepted for publication September 6, 2011.
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0006-3495/11/11/2185/5 $2.00muscle myosins, such as the anterior byssus retractor muscle
of Mytilus edulis and smooth-muscle myosin from the
adductor muscle of sea scallop (Placopecten magellanicus),
contain phosphorylatable RLC. The functional role of
RLC phosphorylation in these muscles, however, is unclear.
Sea scallop catch muscles contain two different isoforms
of RLC, one of which is phosphorylatable (RLC SmoA).
The level of native light chain phosphorylation in scallop
catch muscle is unknown, although evidence from an early
study suggests that phosphorylation of scallop catch muscle
RLC does not play any significant role in myosin regulation
(8). Initially, it was suggested that phosphorylation of
the RLC might be crucial for regulation of the catch state
(9). Catch is a specialized stretch-resistant state with
minimum energy consumption (10). It is now known that
other mechanisms play a role in catch state regulation
(10,11). Hence, the role of RLC phosphorylation in the
smooth-muscle myosin of the sea scallop adductor muscle
system is unclear.
Regardless of the role RLC phosphorylation may play in
scallop smooth-muscle myosin regulation or in the catch
state, it is known that the RLC contains a shorter N-terminal
extension (with the signature RxxS sequence that is essen-
tial for phosphorylation) than is present in most smooth
muscles, and nine residues around the phosphorylation site
are identical in Placo SmoA and human smooth muscle.
These observations prompted us to carry out crystallo-
graphic studies on both unphosphorylated (12) and phos-
phorylated catch muscle Placo SmoA LCDs of the sea
scallop. We report here what is to our knowledge the first
atomic structure of a smooth-muscle LCD in the phosphor-
ylated state. Structural analysis now indicates that phos-
phorylation has no major effect on the structure of Placo
SmoA LCD.doi: 10.1016/j.bpj.2011.09.028
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Protein purification
An LCD was formed that contained 100% Placo RLC SmoA (13,14), but
before reconstitution, the RLC SmoAwas phosphorylated. Phosphorylation
was accomplished with the use of MLCK and calmodulin provided by the
Trybus laboratory (University of New Hampshire, Durham, NH).
The dried Placo RLC SmoA was resuspended in 50 mM NaCl, 15 mM
Tris (pH 7.5), 2 mM MgCl2, 2 mM Na-ATP, 0.2 mM CaCl2, and 1 mM
DTT, and dialyzed against the same buffer for 3–4 h. After determining
the protein concentration, we added the following components: 3 mM
MgCl2, 3 mM Mg-ATP, 4 mM DTT, and 0.2 mM CaCl2. Phosphorylation
was achieved by addition of 20 mg/ml calmodulin and 12 mg/ml MLCK,
incubation at room temperature for 2 h, and storage on ice overnight. The
next day, 1 mM EGTA was added. The extent of phosphorylation was
checked on a 12.5% urea gel (Fig. 1), and the RLC was vacuum-dried
and stored at 20C.
The LCD was reconstituted and purified as described previously (12),
with the following exceptions: during the dialyses for urea removal,
2 mM methylamine-HCl was present in the first three solutions, and the
final sample buffer contained 20 mM NaCl, 5 mM Hepes (pH 7), 3 mM
NaN3, 2 mM MgCl2, 0.1 mM EGTA, 0.5 mM DTT, 0.5 mg/ml leupeptin,
and 0.7 mg/ml pepstatin-A.Crystallization
Unphosphorylated LCD
Sitting drops composed of 7.5 ml unphosphorylated LCD (2.2 mg/ml) in
[10 mM Hepes (pH 7.0), 20 mM NaCl, 2 mM MgCl2, 0.5 mM DTT,
2 mM NaN3, 0.2 mM EGTA] plus a 2.5 ml precipitant solution of [30%
(w/w) polyethylene glycol monomethyl ester 2000 (MME PEG 2K) and1 2 3 4 5 6
FIGURE 1 Urea gel electrophoresis on the samples prepared by dissolv-
ing the LCD crystals of unphosphorylated and phosphorylated states
(MLCK-treated) clearly indicate the presence of phosphate in MLCK-
treated LCD. Lane 1: Placo striated ELC; lane 2: unphosphorylated Placo
catch RLC smoA; lane 3: phosphorylated Placo catch RLC smoA; lane 4:
reconstituted LCD with RLC smoA (phosphorylated); lane 5: reconstituted
LCD with RLC smoA (unphosphorylated); lane 6: Placo catch RLC smoA,
unphosphorylated.
Biophysical Journal 101(9) 2185–218910% 2-methyl-2,4-pentanediol (MPD)] were equilibrated against 1 ml of
[15% MME PEG 2K, 5% MPD, 20 mM Hepes (pH 7.0), 30 mM NaCl,
3 mM MgCl2, 0.5 mM DTT, 2 mM NaN3, 0.5 mM EGTA] for 1–2 weeks.
Plate-like crystals (30  50 300 mM) were flash-frozen in liquid nitrogen
after gradual equilibration with a cryoprotectant solution of 25% MME
PEG 2K. Although no additional CaCl2 was introduced, we still observed
Ca2þ in the crystal structure.
Phosphorylated LCD
Phosphorylated Placo SmoA LCD was crystallized by vapor diffusion in
hanging or sitting drops at 4C. Drops consisting of 5 ml of 2.2 mg/ml
protein in [5 mM Hepes-buffer (pH 7.2), 10 mM NaCl, 1 mM MgCl2,
1 mM CaCl2, 0.5 mM TCEP, 1 mM NaN3] plus 7.5% (w/v) of MME
PEG 2K were equilibrated against 1 ml of [15% MME PEG 2K, 20 mM
Hepes (pH 7.0), 20 mM NaCl, 2 mM MgCl2, 2 mM NaN3]. Crystals ap-
peared in 3 days and grew to sizes up to 50  50  400 mm. Before they
were frozen, the crystals were gradually equilibrated with a cryoprotectant
solution of 23% MME PEG 2K and 20% PEG 400. The crystals were then
flash-frozen in liquid nitrogen.Data collection and structure determination
The data sets from single crystals were collected at 100 K with synchrotron
radiation at beamline x29 of the Brookhaven National Laboratory. Diffrac-
tion data were processed using HKL2000 (15). The data processing statis-
tics can be found in Table 1.
Initial phase information for both unphosphorylated and phosphorylated
forms was obtained by molecular replacement with the program PHASER
(16) using the reported coordinates of unphosphorylated Placo SmoA LCD
(PDB ID: 3PN7). Iterative rounds of simulated annealing refinement with
CNS (17) and model adjustment with COOT (18) were carried out to build
the model. The final rounds of positional, ADP, and TLS refinement were
carried out with the use of the PHENIX package (19), resulting in final
Rwork- and Rfree-values of 19.07% and 24.14% for unphosphorylated
LCD, and 19.98% and 25.18% for phosphorylated LCD, respectively.TABLE 1 Crystallographic statistics
Unphosphorylated LCD Phosphorylated LCD
Data collection
Space group P1 P1
Cell dimensions
a, b, c (A˚) 50.8, 68.8, 79.4 50.9, 69.2, 79.5
a, b, g () 77.3, 86.0, 73.6 77.2, 86.0, 73.4
Resolution (A˚) 50–2.4 (2.49–2.4) 50–2.5 (2.59–2.5)
Rmerge 0.102 (0.62) 0.088 (0.47)
I/sI 25.4 (2.2) 14.5 (2.4)
Completeness (%) 99.6 (96.4) 98.4 (96.9)
Redundancy 8.3 (6.3) 3.8 (3.4)
Refinement
Resolution (A˚) 48.75–2.39 48.8–2.5
Number of unique
reflections
37,547 32,893
Rwork/Rfree 19.07/24.14 19.98/25.18
Number of nonhydrogen atoms
Protein 5926 5932
Water 217 124
Metals 4 4
Average B-factors for
protein atoms
53.9 48.3
RMSDs
Bond lengths (A˚) 0.009 0.009
Bond angles () 1.138 1. 219
Values in parentheses are for the highest-resolution shell.
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All structural figures were prepared with the use of PyMOL (20). The
atomic coordinates and structure factors have been deposited in the
Research Collaboratory for Structural Bioinformatics Protein Data Bank
(www.rcsb.org) with accession numbers 3TS5 (unphosphorylated LCD)
and 3TUY (phosphorylated LCD).N lobe
C lobe
RLC
 Phosphate C lobeRESULTS
The previously reported crystal structure of unphosphory-
lated Placo SmoA LCD (12) contains two molecules in
the unit cell, referred to as molecule 1 and molecule 2
(pale colors in Figs. 2 and 3). The two molecules differ in
their conformation about the heavy chain hook and helix
D of RLC. The N-terminal extension of the RLC is poorly
ordered in molecule 2 compared with molecule 1. It was
previously shown that in molecule 1, where the heavy chain
hook angle is obtuse, the first residue of the RLC observed is
Asn12 (the residue next to the phosphorylation site), whereas
it is Arg16 in molecule 2 (12). Since the publication of those
results, we have also obtained a very similar crystal struc-
ture for the unphosphorylated Placo SmoA LCD, but underA B
Arg16
Ser11
Ser11
Phe14Phe14
C D
Phosphate
Phosphate
Arg16
Phe14
Phe14
FIGURE 2 Comparison of unphosphorylated (A and B) and phosphory-
lated (C and D) Placo SmoA LCD molecules at the phosphorylation site.
(A) A close-up view of the phosphorylation site in unphosphorylated
LCD. The electron density (dark gray) was obtained from a 2Fo-Fc map
contoured to 1.0 s. An F0-Fc map contoured to 3.0 s did not show any posi-
tive density around the phosphorylation site. (B) Arg16-Ser11 hydrogen
bonding in the unphosphorylated state. The carbonyl oxygen here interacts
with Arg16. (C) The electron density for the phosphate group (orange) was
obtained from a 2Fo-Fc map (dark gray) contoured to 1.0 s, and a difference
Fo-Fc map (phosphate group omitted from refinement) contoured to 3.0 s is
shown in green. (D) Hydrogen bonding between Arg16 and the phosphate
group. Note that the orientation of Ser11 is different here when compared
with the unphosphorylated state.
 N lobe
FIGURE 3 Superposition of unphosphorylated and phosphorylated Placo
SmoA LCDs. (Note: Only molecule 1 of the asymmetric unit in phosphor-
ylated and unphosphorylated states is shown here; a comparison of phos-
phorylated and unphosphorylated states for molecule 2 yielded similar
results.) The unphosphorylated state is shown in pale colors and the phos-
phorylated LCD is in bright colors. The heavy chain is shown in red, ELC
in green, and RLC in blue. A comparison of the conformations clearly indi-
cates that the overall body of the structure of the unphosphorylated form is
unchanged upon phosphorylation.slightly different crystallization conditions (see Materials
and Methods). The only structural difference noted is
a somewhat improved order for the N-terminal extensions.
The first residues observed for molecules 1 and 2 are
Ser11 (the phosphorylation site) and Ala15, respectively
(note that Scallop Placo RLC SmoA numbering is used
throughout this work).
The 2.8 A˚ resolution crystal structure we have now deter-
mined for phosphorylated Placo SmoA LCD (bold colors in
Figs. 2 and 3) is very similar to that obtained for the unphos-
phorylated form. The crystal structure also contains two
molecules per asymmetric unit, whose root mean-square
deviations (RMSDs, calculated based on the Ca position
of LCD residues) from those in the unphosphorylated LCD
crystal are only 0.18 A˚ and 0.20 A˚ for molecules 1 and 2,
respectively. The first residues observed for molecules 1
and 2 are Ser11 (a phosphorylated serine) and Ala15, respec-
tively. The presence of phosphate was confirmed by visual-
ization in the Fo-Fc electron density map (Fig. 2 C) and by
a urea gel electrophoresis comparison of unphosphorylated
and phosphorylated LCD crystals (Fig. 1).Biophysical Journal 101(9) 2185–2189
1   N-TERM EXT.16    HELIX A        38    HELIX B     56
1 PlacSmoA --------ADKERAQRATSNVFARLPQKLMQEMKEAFTMIDQNRDGFIDINDLKEMFSSLGRTP
2 ArgoStr  -------------ADKAASGVLTKLPQKQIQEMKEAFSMIDVDRDGFVSKEDIKAISEQLGRAP
3 Squid    ---------------AEEAPRRVKLSQRQMQELKEAFTMIDQDRDGFIGMEDLKDMFSSLGRVP
4 Physarum -------------SIRRKVDSYQTIGDDQVSEFKEAFELFDSERTGFITKEGLQTVLKQFGVRV
5 ChSkelet -----APKKAKRRAAEGSSNVFSMFDQTQIQEFKEAFTVIDQNRDGIIDKDDLRETFAAMGRLN
6 HuSmooth SSKRAKAKTTKKRPQRATSNVFAMFDQSQIQEFKEAFNMIDQNRDGFIDKEDLHDMLASLGKNP
7 HuCardia -----APKKAKKRAGGANSNVFSMFEQTQIQEFKEAFTIMDQNRDGFIDKNDLRDTFAALGRVN
FIGURE 4 Sequences of N-terminal region of
myosin RLCs from different organisms. The
residue numbers are indicated for Placo SmoA.
Placo SmoA and human smooth-muscle RLCs
with the phosphorylatable RxxS sequence show
identical sequences for the nine-residue stretch
(bold) around the phosphorylation site. Note that
Arg16 (shaded), which plays a crucial role in stabi-
lizing the phosphorylation site in Placo SmoA, is
different (Met) in human smooth-muscle RLC.
2188 Senthil Kumar et al.The phosphorylated serine (in molecule 1) is located on
the surface of the RLC (Fig. 2, C and D). Residues 1–10,
including Arg8 of the signature RxxS motif, are disordered.
The phosphate makes a salt link with a molluscan-specific
arginine at residue 16. Except, of course, for the presence
or absence of the phosphate group, the detailed structure
of the phosphorylation site is also quite similar in the un-
phosphorylated and phosphorylated structures, with only
a few small changes. In the unphosphorylated structure,
the carbonyl group of Ser11 (Fig. 2 B) interacts with Arg16
(instead of phosphate), accommodated by changes in orien-
tation of the serine side chain and the Arg16 side chain.DISCUSSION
The results presented here reveal for the first time, to our
knowledge, the crystal structure of a phosphorylated frag-
ment of myosin. The LCD we were able to crystallize is
from an isoform of the catch muscle of the sea scallop.
This isoform differs from most other scallop molluscan
isoforms, which do not have the phosphorylatable RxxS
sequence. It is well known that molluscan myosins are regu-
lated only by direct binding of Ca2þ to the ELC (21), and
that the phosphorylation of RLC in scallop smooth-muscle
heavy meromyosin does not alter ATPase activity (8).
However, the role of phosphorylation of the RLC in the
regulation of the catch state is unknown. The results from
this study of the structures of Placo SmoA LCD in unphos-
phorylated and phosphorylated states provide evidence that
the overall conformation of the LCD is essentially
unchanged. This finding is consistent with results obtained
from ATPase activity assays (8), which indicate that the
phosphorylation of the catch state smooth-muscle RLC
cannot activate muscle contraction and thus is unlikely to
serve as a switch for regulation. This result is in contrast
to vertebrate smooth-muscle myosin regulation, where
phosphorylation of the RLC is crucial for contraction.
A critical observation, however, is that although the nine
residues around the phosphorylation site of RLC are iden-
tical between the Placo SmoA and vertebrate smooth
muscles, other residues, including the crucial Arg16 in Placo
SmoA, are different (Fig. 4). The RLC N-terminal extension
that appears to become ordered upon phosphorylation in
vertebrate smooth-muscle LCD (Ser1–Thr18), according
to molecular-dynamics simulation studies (22,23), is disor-Biophysical Journal 101(9) 2185–2189dered in the crystal structures of phosphorylated and
unphosphorylated Placo SmoA LCD (Ala1–Thr10). As it
turns out, the crystal structure reveals that the phosphate
has a major interaction with a residue (Arg16) beyond the
nine-residue region,which differs from themethionine found
in vertebrate smooth muscle. Perhaps this sea-scallop-
specific Arg16 competes with the Arg8 that is thought to
contact the phosphate in vertebrate smooth-muscle myosin
RLC (22,23). Thus, this salt link observed between phos-
phate and Arg16 may be crucial for the major difference
observed in phosphorylation-dependent regulation between
vertebrate and molluscan smooth-muscle myosins.CONCLUSION
We have determined the crystal structure of phosphorylated
Placo SmoA myosin LCD to improve our understanding of
the molecular machinery involved in myosin regulation. The
results indicate that phosphorylation does not significantly
change the structure of LCD in sea scallop smooth muscle
in the presence of Ca2þ. Our results, particularly the obser-
vation of a salt link between the phosphate and Arg16,
suggest that phosphorylation may have a different effect
on scallop myosin than it does on vertebrate smooth muscle
myosin (which has a methionine instead of arginine). The
structure determination of the unphosphorylated and phos-
phorylated LCD in the absence of Ca2þ will also be helpful
for understanding the functional role of phosphorylation of
the RLC in the scallop adductor muscle, which remains
unknown. Work along these lines is in progress.
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